Thioredoxins (Trx) are ubiquitous proteins that are conserved in all living organisms from archaea to humans. These small proteins display various cellular roles, including functioning as reductases in redox processes. All Trxs share a similar, characteristic three-dimensional fold with the Cys-Pro-Gly-Cys motif that contains both the catalytic and the resolving cysteine (Cys) on the surface of the protein. Reaction of reduced Trx with its oxidized protein partners leads to formation of a transient interdisulfi de intermediate. However, the short lifetime of this species hinders the characterization of the stabilizing interactions that occur between the partners. In this short review, the threedimensional structures of four artifi cial covalent Trx-protein partner complexes are analyzed. The data show that interprotein stabilization is mainly due to hydrophobic contacts and main-chain hydrogen bonds but that no common recognition motif between Trx and its protein partners can be identifi ed. In two cases, formation of the Trx-partner complex is accompanied by a signifi cant conformational change of the protein target, although in no case does the conformation of Trx change signifi cantly. The absence of a common recognition motif supports the idea that it is diffi cult to predict with confi dence putative oxidized protein substrates of Trx using only soft docking and molecular simulation methods. Instead, biochemical methods including proteomic approaches remain the primary tools to identify novel protein substrates of Trx. The generality and relevance of methods used to identify which of the two Cys of the disulfi de-oxidized protein partner forms the transient interdisulfi de intermediate with Trx are also discussed.
Introduction
Originally discovered as a substrate for ribonucleotide reductase (1) , thioredoxin (Trx) is now known to have many functions, including important roles in the life cycles of viruses and phages. However, the major function of Trx remains the reduction of oxidized protein (protein ox ) targets, in particular, those in the disulfi de state (2, 3) . Such a reductive process, which involves the transfer of two electrons and two protons from the reduced form of Trx (Trx red ) to the protein ox target, is preceded by formation of a Michaelis complex. Formation of such a complex involves structural recognition and, possibly, conformational adaptation between Trx and its protein partner. The chemical process takes place in two steps: the N-terminal catalytic Cys of the WCGPC motif of Trx, which lies on the protein surface, attacks the intradisulfi de bond (or, more generally, the oxidized form) of the substrate protein target to form a transient interdisulfi de intermediate. The mixed interdisulfi de is then attacked by the free resolving Cys of Trx, resulting in the release of the reduced substrate protein target and the oxidized Trx (Trx ox ). Because the lifetime of the transient intermediate is short, the only way to characterize the stabilizing interactions at the interface of the two partners is via the three-dimensional structure of a chemically stable complex, which is considered to be representative of the conformation of the transient interdisulfi de intermediate formed between Trx and the protein target. When the protein ox target is oxidized to the disulfi de state, the Cys of the disulfi de bond, which forms the transient interdisulfi de intermediate with Trx, must also be identifi ed.
In addition to two nuclear magnetic resonance (NMR) structures of interdisulfi de Trx-peptide complexes, i.e., Trx/ redox effector factor 1 (Ref-1) (4) and Trx/nuclear factor kappa-light-chain-enhancer of activated B cells (NFkB) (5) , only four three-dimensional structures of covalent complexes derived from Trx red and protein ox partners have been determined to date. The fi rst complex, obtained in 2006, was that between thioredoxin h 2 (Trxh2) and the α -amylase/ subtilisin inhibitor (BASI) from barley (6) . Two other structures were published in 2007: a complex between Trx and arsenate reductase (ArsC) from Bacillus subtilis (7) and a second complex between Trx1 and 3 ′ -phosphoadenosine-5 ′ -phosphosulfate (PAPS) reductase from Escherichia coli (8) . In 2011, the crystal structure of the complex between Trx2 and methionine sulfoxide reductase (Msr) A from yeast was determined (9) . Additional three-dimensional structures of covalent complexes have been solved between periplasmic Trx-like fold proteins, i.e., the N-terminal domain of a threedomain protein from Neisseria genus, called PilB, whose middle and C-terminal domains display methionine sulfoxide reductase activities (10) , a disulfi de bond isomerase (DsbC) (11) , a protein involved in the maturation process of cytochrome C (CcmG) (12) , the C-terminal domain of the disulfi de oxidoreductase involved in the electron transfer from the cytoplasm to the periplasm (DsbD) (13) and a thiol disulfi de oxidase (DsbA) (14) ; and their physiological partner. It should be mentioned that the crystal structures between a chloroplast Trx ox and the ferredoxin-Trx reductase and the binary complex ferredoxin-Trx reductase-ferredoxin have been also described (15) .
In the present review, we briefl y survey the three-dimensional structural features of Trx and then analyze the threedimensional structures of the artifi cial covalent complexes between Trx and either BASI, PAPS, ArsC, or MsrA. The stabilizing interactions between Trx and its protein partners are described as well as whether these interactions can be generalized to different subclasses of a specifi c protein target, such as the Msrs. In the case of Msrs where the kinetics of the recycling process has been studied extensively, the data suggest a local conformational plasticity of the Msrs that occurs during the oxido-reduction process. Finally, we discuss and evaluate the methods used to identify the Cys of the protein ox partner, which forms the transient interdisulfi de intermediate with Trx, when the partner is oxidized to the disulfi de state.
Thioredoxin
Trx1 from Escherichia coli was the fi rst Trx whose structural architecture was described (16) . Today, the crystal and NMR structures of many Trxs under reduced and disulfi de states are known. The conserved Trx-fold consists of a central fi vestranded β -sheet surrounded by four α -helices ( Figure 1 ). The three-dimensional structure can be divided into two motifs that are connected by helix α 3. The N-terminal β 1 α 1 β 2 α 2 β 3 motif contains parallel β -strands, while in the C-terminal β 4 β 5 α 4 motif, the strands are antiparallel. The central β -sheet is protected from solvent by helices α 2 and α 4 on one face, while its second face packs against helices α 1 and α 3. The connecting helix α 3 lies perpendicular to helices α 2 and α 4 (17 -20) . The catalytic C 32 GPC 35 motif is located at the N-terminal end of helix α 2, and forms a short loop located at the protein surface (the numbering of Trx is based on the Trx1 sequence from E. coli ; see Figure 1 ).
The α 3 helix (residues 65 -70), the loops [59 -64 and 71 -76], and the catalytic CGPC motif surround a protein groove at the surface of the protein that permits the anchoring of the protein target. In addition, one of the loops [71 -76] protrudes from the protein surface, allowing it to insert into a cavity or groove on the protein target, thus improving the affi nity of the protein-protein interaction (8) .
Trx-BASI complex
Barley seed extracts contain a BASI whose Cys144 -Cys148 disulfi de bond is reduced effi ciently by h-type Trx (HvTrxh2). The crystal structure of a stable covalent complex with an interdisulfi de bond between Trx Cys46 (corresponding to (B) Sequence of the Trx from E. coli with its secondary structure assignment with the β strands represented in yellow, the α helices in pink, the turns in purple, and the random coils in black. The secondary structures of Trx were calculated using DSSP web interface (59) . All the fi gures of this review were generated using the molecular graphic software Pymol (60) .
Cys32 of E. coli Trx1) and BASI Cys148 was determined. Formation of the complex buries only 762 Å 2 of surface from solvent; this size of interface is typical of short-lived interactions between protein partners (21) . The structure shows that Trxh2 fi rst recognizes BASI through Cys148 and the two residues preceding it. Three neighboring loops lying between β 2 and α 2, α 3 and β 4, and β 5 and α -Gly-Ala 93 segment of the E. coli Trx1) segments, respectively, defi ne a spatially motif on the HvTrxh2 surface that stabilized the Asp-Trp-Cys segment (residues 146 -148). Together, these loops give rise to a hydrophobic groove into which the peptide main chains of Asp-Trp-Cys residues as well as the indole ring of Trp147 of BASI are positioned forming stabilizing van der Waals interactions and a network of backbone-backbone hydrogen bonds. In addition, the side chains of Gln149 and Glu168 participate to Trx binding through van der Waals interactions with Trx Glu86 (corresponding to Arg73 of the E. coli Trx1). The guanidinium moiety of Arg107 that is located 3.5 Å from the indole ring of Trp147, also participates to van der Waals interactions with Val104 of HvTrxh2 (corresponding to Val91 of the E. coli Trx1). Complex formation does not provoke any obvious conformational change in either partner, in particular, at the interface (Figure 2 ).
Trx-PAPS reductase complex
Cysteine biosynthesis in plants, fungi, and many bacteria requires production of reduced sulfur. In the fi rst step of the biosynthetic pathway, adenylated sulfate is reduced to sulfi te by sulfonucleotide reductases (SRs). Two classes of SRs exist (22, 23) . The fi rst SR class, which contains an iron-sulfur cluster, reduces adenosine-5 ′ -phosphosulfate (23, 24) , while the second, which lacks the cluster, reduces PAPS. The catalytic mechanism of both classes of enzyme involves formation of an S -sulfocysteine intermediate that is reduced by Trx, with release of sulfi te. The crystal structure of a covalent complex between E. coli PAPS reductase and Trx via a mixed disulfi de bond between Cys239 of the PAPS reductase S -sulfocysteine239 and Cys32 of Trx in which Cys35 was mutated into Ala, was recently determined (8) . In the cocrystal structure, the ten-residue sequence at the extremity of the PAPS reductase C-terminus, which includes the catalytic Cys239, is well defi ned in the electron density maps, when compared with the structure of PAPS reductase in the absence of substrate and Trx. These residues (235 -244) are recognized and stabilized via hydrophobic contacts, mainchain hydrogen bonds, and a network of interprotein salt bridge interactions that bury 783 Å 2 of surface area from solvent. In contrast, residues 220 -235 are absent from the electron density maps, revealing that this region of the protein complex remains disordered and fl exible. An additional 800 Å 2 is buried in the Trx-PAPS reductase complex. This interface includes contacts between the Lys36, Glu30, and Trp31 residues of Trx, and Trp205 and Asp206 of the ω loop of the PAPS reductase, which are all highly conserved residues. This additional interface is an important feature that differentiates PAPS reductase from BASI, ArsC and MsrA, in addition to the fact that the oxidized form of PAPS reductase reduced by Trx is an S -sulfated species instead of a disulfi de bond. The Trx and PAPS reductase surfaces are complementary in shape. The primary interactions of Trx1 with PAPS reductase involve its helix α 2, its active site loop which contains the motif CGPC, and the loops 71 -77, and 91 -96. Trx1 sits on a depression in the PAPS reductase formed by helix α 7 (residues 186 -198), residues 199 -220, and residues 235 -244. As a consequence, main-chain hydrogen bonds are formed between Arg237 and Trx Ala93, Cys239 and Trx Ile75, and Leu241 and Trx Arg73. Leu241 fi ts into a hydrophobic pocket composed of Trx residues Trp31, Ile60, Ala67, Ile72, and Ile75. On the solvent-exposed side, a network of salt bonds is formed that incorporates Arg237, Glu238, Trx Arg73, and Glu243. Thus, the peptide segment which includes Cys239, is stabilized through three main-chain hydrogen bonds with Trx, hydrophobic pockets for the mixed disulfi de and Leu241, and interprotein three salt bridges ( Figure 3 ) .
The Trx-PAPS reductase interface comprises specifi c hydrogen bonds, electrostatic and hydrophobic interactions. As a consequence of the interactions of Trx1 with the ten C-terminal residues of the PAPS reductase, the fl exible C-terminal portion of the PAPS reductase is extended and 45 -48) in green, the α 3-β 4 loop (residues 86 -89) in cyan, and the β 5 α 4 loop (residues 104 -106) in yellow. Residues of BASI are represented in cartoon (purple) with their N-and C-terminal residues labeled. Interacting residues Arg107, Trp147, Cys148, Gln149, and Glu168 are shown with their lateral chains in stick with the γ S atom in yellow, the nitrogen atoms in blue, the oxygen atoms in red, and the carbon atoms in purple. strongly stabilized. Together, these conformational changes probably facilitate a signifi cant displacement of the S -sulfated C-terminus, which likely permits Trx to bind in a position, which favors a nucleophilic attack of Trx Cys32 at the Cys239 S atom of the S -sulfocysteine. Moreover, the Trx Cys35 is, in turn, ideally positioned to form the intra Cys32 -Cys35 disulfi de bond and thus to favor the release of the reduced form of the PAPS reductase.
Trx-ArsC complex
Arsenic detoxifi cation involves the reduction of arsenate [As(5)] to arsenite [As(3)], which is then exported from the cytoplasm by an effi cient and specifi c transport system (25) . Arsenate reductase (ArsC) is a key enzyme involved in the reduction process (26) . There are three families of ArsC, which are distinguished by the way in which the oxidized forms of the enzymes (ArsC ox ) are recycled. The recycling process of the fi rst family, which includes ArsC from B. subtilis and Staphylococcus aureus , depends on Trx. This enzyme family contains three redox Cys (27) . Cys10 forms a covalent arsenylated enzyme intermediate, which is then attacked by Cys82, resulting in a transient intradisulfi de Cys10 -Cys82, and liberation of a molecule of arsenite. Attack of Cys89 then leads to formation of an intradisulfi de Cys82 -Cys89 bond, regenerating reduced Cys10 for the next catalytic cycle (28 -31) . A whole cycle needs then to reduce the intradisulfi de Cys82 -Cys89 by Trx (32, 33 ) .
An NMR structure of a stable Trx-ArsC complex with an interdisulfi de bond between Trx Cys29 (corresponding to Cys32 of the E. coli Trx1) and ArsC Cys89 was determined based on both nuclear overhauser effects (NOE)-derived distance restraints and residual dipolar coupling (RDC) restraints (7) . Globally, the interactions between Trx and ArsC only bury ∼ 1350 Å 2 of solvent-accessible area ( ∼ 630 Å 2 for Trx and ∼ 720 Å 2 for ArsC) of which 65 % is contributed by nonpolar amino acids. The reduced and oxidized forms of Trx, as well as Trx in complex with ArsC via the disulfi de bond Cys29 -Cys89, share the same overall structure, as judged by the root mean square deviation (r.m.s.d.) of 0.421 Å (87 C α ) between the oxidized and the reduced structures of Trx, and the r.m.s.d. of 0.950 Å (89 C α ) between the complex and the reduced form of Trx. Trx2 only undergoes subtle conformational changes in transitioning between its different redox states. Trx interacts with ArcC via its β 2 -α 2 loop (residues 25 -29, corresponding to residues 28 -32 of the E. coli Trx1) and the loop-α 3-loop region (residues 57 -73, corresponding to residues 60 -76 of the E. coli Trx1), which are located between β 3 and β 4. Together, these two loops create a small groove that accommodates an extended loop of ArsC (Lys88 -Pro94). In a similar fashion, residues Met70 and Ser71 of Trx fi t into a groove formed by residues Ile67, Asn73, and Lys88 -Pro94 of ArsC. The overall structures of ArsC in its free and complexed states are similar, with the exception of the Cys82 -Cys89 region, which shows an r.m.s.d. of 1.137 Å (118 C α ) between the complex and the reduced forms. In contrast to Trx, comparison of the different forms of ArsC shows that a major conformational change occurs for the region spanning residues Thr80 -Glu99. In the reduced state of ArsC, this sequence, located between strands β 3 and β 4, adopts a helical structure, while the oxidation that leads to the solvent-exposed Cys82 -Cys89 disulfi de bridge breaks the helix. Consequently, this region, which is involved in an α -helix-to-loop conformational transition between ArsC red and ArsC ox (overall r.m.s.d. of 0.904 Å for 113 C α between the oxidized and the reduced structures), adopts an intermediate conformation in the complex. In particular, the helical structure present in ArsC red is only incompletely formed in the complex. Moreover, the Cys82 -Cys89 segment moves away from its position in the oxidized form, although it does not contribute substantially to the Trx-ArsC interactions. Instead, it is an extended motif comprising the neighboring residues Lys88 -Pro94 that forms most of the intermolecular interactions with the Trx active site in an antiparallel orienta tion and mainly involves hydrophobic interactions (Figure 4 ) .
Studies using theoretical reactivity analysis and molecular dynamics simulation were carried out in order to simulate how Trx dissociates from its mixed disulfi de complex (34) . Interestingly, this work revealed how Cys32 of Trx can move close enough to Cys29, up to 3.7 Å , which is a prerequisite to the formation of the disulfi de bond Cys29 -Cys32 and, additionally, that Cys82 of ArsC never approaches the Cys29 -Cys89 interdisulfi de, as the distance between Cys29 and Cys82 is more than 15 Å . In this new local functional conformation, which is not observed in the NMR structure, the resolving Cys32, which is activated by hydrogen bonds, is found to be more reactive than ArsC Cys82 and is ideally positioned relative to the sulfur-sulfur axis. Taken together, these data explain why Cys32 of Trx directs its nucleophilic attack on Cys29 of the Cys29 -Cys89 interdisulfi de bond and not on Cys89 of ArsC.
Trx-Msr complexes
Methionine (Met) is one of the amino acids in proteins that are easily oxidized. Met oxidation leads to methionine sulfoxide (Met-O). Thus, it is essential for cells to possess enzymes capable of reducing Met-O back to Met. To date, three structurally unrelated classes of Msr have been described (35) . MsrAs show stereospecifi city towards the S isomer on the sulfur of the sulfoxide function in contrast to MsrBs, which are specifi c for the R isomer. The most recently discovered class of Msrs, called fRMsr, exhibit strict specifi city for free Met-R -O (36, 37) in contrast to MsrA and MsrB, which show a preference for Met-O included in a polypeptide (38) . All three classes of Msrs share a catalytic mechanism similar to that of MsrA, which passes through a sulfenic acid intermediate on the catalytic Cys (39) . With the exception of the Msrs, which do not possess a recycling Cys, formation of this intermediate is followed by formation of an intradisulfi de bond between the catalytic and the recycling Cys, which is then effi ciently reduced by Trx.
The crystal structure of a Trx2-MsrA complex from yeast was recently determined (9) . In this complex, the proteins are covalently linked by a mixed disulfi de bond between Cys31 (corresponding to Cys32 of the E. coli Trx1) of C34S Trx2 and Cys176 [corresponding to Cys198 of the E. coli MsrA (38) ] of C23S/C25S/C44S/C68S MsrA (Cys44 corresponding to the catalytic Cys51 of the E. coli MsrA). The interface between the two partners buries an area of 1000 Å 2 from solvent, which is again a typically sized interface for redox partners having short-lived interactions (21) . The overall structures of Trx2 and of MsrA in the complex are similar to those of Trx2 red and MsrA red , respectively. However, as observed in the E. coli Cys51 -Cys198 MsrA ox solution structure (40, 41) , the segment encompassing residues 103 -113 (corresponding to residues 122 -132 in the E. coli MsrA), which covers the active site, undergoes a substantial structural disorder and exposes a hydrophobic area, which was suggested to interact with Trx (40) . This rearrangement is indispensable for avoiding a steric clash with the α 3 -β 3 loop of Trx2. However, in contrast to the proposal by Coudevylle et al. (40) , the exposed hydrophobic patch does not interact with Trx2. In fact, Trx binding also provokes conformational adjustments of the C-terminal loop (i.e., amino acids 159 -183 [corresponding to amino acids 182 -204 in the E. coli MsrA)], whose consequence is not only to expose the segment 103 -113, but to permit the segment 159 -183, which includes the recycling Cys176, to directly interact with Trx2. The disulfi de bond is surrounded by four intermolecular hydrogen bonds on one side and several hydrophobic residues on the other side. The segment Tyr 174 Ala-Cys-Pro-Thr 178 at the C-terminal loop interacts with Trx2 ( α 3-β 3 and β 4-α 4 loop) via four hydrogen bonds in an antiparallel pattern, similarly to that of the other Trx-complexed protein partners. The hydrophobic interactions are mainly mediated by a solvent-exposed hydrophobic patch near the active site of Trx2 (Trp30, Cys31, Gly32, and Pro33) ( Figure 5 ) .
Comparison of the primary and, when available, of the threedimensional structures of both classes of Msrs, shows that there are several subclasses of MsrA and MsrB, which differ in the nature and location of the target disulfi de bond. Despite the differences in the protein environments, Trx effi ciently reduces these disulfi de bonds (38) . In the case of MsrA from Neisseria meningitidis and yeast, the Cys51 -Cys198 disulfi de bond is targeted, while for the B. subtilis MsrA, it is the Cys51 -Cys54 disulfi de bond, and for the E. coli and bovine MsrAs, the Cys198 -Cys206 disulfi de (numbering based on the E. coli MsrA sequence). In the case of MsrB, either the Cys63 -Cys117 disulfi de bond (e.g., N. meningitidis MsrB) or Cys31 -Cys117 disulfi de bond (e.g., Xanthomonas campestris MsrB) (numbering based on the N. meningitidis MsrB sequence) is reduced (38) , whereas for fRMsr, it is likely only the Cys84 -Cys118 disulfi de intermediate (numbering based on the N. meningitidis fRMsr) that is reduced by Trx (37) .
In B. subtilis MsrA, Cys54 which lies on an α -helix that includes the catalytic Cys51, likely forms the transient disul- in vivo, is unlikely to be located near the active site in contrast to Cys51 -Cys54 and Cys51 -Cys198 disulfi de bonds. Therefore, the three-dimensional stabilizing interactions present in the complex MsrA-Trx linked by a covalent bond between Trx Cys32, and either Msr Cys54 or Cys206, should differ from those identifi ed from the MsrA-Trx complex from yeast, where the linkage is to the MsrA Cys176 (corresponding to Cys198 in the E. coli MsrA). However, direct confi rmation of this proposal awaits the elucidation of the three-dimensional structures of such complexes at high resolution.
In the case of the two subclasses of MsrB, the recycling Cys63 and Cys31 are located in two different fl exible loops, whereas the catalytic Cys117 is situated on a β strand. Because the distance between Cys117 and Cys31 is higher than 13 Å , formation of the Cys31 -Cys117 bond leads to a substantial conformational reorganization of the fold and of the active site, in contrast to that observed during formation of the Cys63 -Cys117 disulfi de (42) . Thus, the protein environment of the Cys63 -Cys117 and Cys31 -Cys117 disulfi des is completely different, but the catalytic effi ciency of the Trx recycling process remains high, however (43) .
Taken together, these examples clearly illustrate that the stabilizing interactions between Trx and MsrsA/MsrB can differ at the molecular level, although the chemical nature of the stabilizing interactions (i.e., mainly hydrophobic contacts and main-chain hydrogen bonds), is similar. Differences, when they arise, can be due to additional conformation reorganization of the Msrs as a function of subclass, as observed for the MsrA from yeast. In any case, the catalytic effi ciency of the Trx-recycling process remains similar and high. In this context, it is important to note that exchange of disulfi de signatures in Msrs can lead to Msrs that are recycled by Trx with a catalytic effi ciency comparable to that of the original Msr. This property has been demonstrated directly for the MsrA from N. meningitidis , in which Gly54 and the recycling Cys198 were substituted by a cysteine and a serine, respectively. The double mutant G54C/C198S had a catalytic recycling effi ciency in the range of that of the wild type (Azza et al. unpublished results). Therefore, the stabilizing interactions between Msrs and Trx are the consequence of the structural plasticity of the Msrs relative to Trx. This conclusion is supported by the kinetics of the recycling process: the data show that the reductive process, which involves the transfer of two electrons and two protons, is probably preceded by conformational reorganization of the Michaelis complex between MsrA ox /MsrB ox and Trx red . Similarly, the dissociation of Msr red and Trx ox , which is rate-limiting in the overall catalytic process of MsrA/MsrB, is also preceded by a conformational rearrangement of the Trx ox /Msr red complex (44) . However, the exact nature of these local conformational rearrangements remains to be determined.
Periplasmic Trx-like proteins in covalent complex with their reducing protein partner
Three-dimensional structures have also been solved for periplasmic Trx-like proteins in covalent complex with their physiological protein partners. Examples of structures with enough good resolution include those between the N-terminal domain of DsbD (n-DsbD) which possesses an immunoglobulin-like fold (45, 46) and (i) DsbC whose role in vivo is to rearrange disulfi de bonds which formed incorrectly during oxidative protein folding in the periplasm (47 -49) ; (ii) CcmG, which is a membrane-anchored enzyme that is essential for c-type cytochrome maturation (50, 51) ; (iii) the N-terminal domain of PilB, which is involved in the recycling process of periplasmic Msrs from N. meningitidis and N. gonorrheae (10, 52) ; and (iv) the C-terminal domain of DsbD (c-DsbD), which is essential for the transfer of electrons from the cytoplasm to the periplasm via the central transmembrane domain of DsbD (53, 54) . Except for c-DsbD, additional structural elements are inserted in the Trx-like fold. This is particularly evident for DsbC, as its Trx-fold domain incorporates an inserted subdomain of approximately 40 amino acids. Every interface in each of the complexes is unique, although all are formed via mainly hydrophobic contacts and hydrogen bonds between main-chain atoms (10 -13) . Furthermore, in all cases, the n-DsbD domain is able to adapt conformationally to its targets, whereas in contrast, the Trxlike proteins cDsbD, CcmG, and the N-terminal domain of PilB, undergo only minor conformational reorganization upon formation of the mixed covalent disulfi de bond. For example, formation of a complex with DsbC only induces a small adjustment in the relative orientation of the two subunits of DsbC, without any effect on the conformation of the Trx domain (11) .
Methods to assign which Cys of the protein ox target forms the transient interdisulfi de bond with the catalytic Cys32 of Trx: the case of protein targets oxidized in the disulfi de state Because the interdisulfi de intermediate is transient, it is not possible to isolate it. Therefore, one method commonly used to characterize these species consists of activating each of the two Cys of the target proteins (the other one being substituted by an Ala or Ser) by 5-thio-2-nitro-benzoic acid (TNB) or alternatively 2-thiopyridine and then determining the chemical reactivity of each activated form of the target with Trx, in which the recycling Cys35 is mutated to Ser or Ala. In general, a signifi cant difference in the second-order rate constant (up to 10 4 -fold) is observed between the two activated forms of the Trx target. On the basis of such a difference in chemical reactivity, it is straightforward to assign the Cys of the oxidized target attacked by the Cys32 of Trx. Such a method has several drawbacks, however. First, the TNB-activated target is not necessarily representative of the conformation of the oxidized form of the protein target. This is clearly the case, for example, for the activated Cys117 MsrB from X. campestris (42) . Indeed, it was shown that formation of the Cys31 -Cys117 disulfi de bond, in contrast to that observed for formation of the Cys63 -Cys117 disulfi de bond, provokes a signifi cant conformational rearrangement of the fold, whereas the other forms of the MsrB (i.e., the reduced form or the oxidized form in the sulfenic acid state) possess a fold similar to that of the different forms of the Cys63/Cys117 MsrB subclass. Clearly, the Cys31 -Cys117 MsrB is effi ciently reduced by Trx. Second, the secondorder rate constant measured between the activated protein target and C35S/A Trx includes an affi nity constant contribution of Trx and thus is not directly representative of the reactivity of the cysteine target. The choice of the Trx target Cys in the oxidized partners is indeed governed in part by the positioning of the Trx Cys32 relative to that of the disulfi de bond within the binary complex. This positioning will favor kinetically the nucleophilic attack of the Cys32 of Trx on one of the two Cys on the target ox , although other factors also have to be taken into account. These include, in particular, the protein environment of the two Cys of the target which can stabilize one Cys relative to the other. Moreover, in the whole recycling process, the reactivity of the recycling Cys35 of Trx has also to be taken into account. Indeed, Cys35 is likely activated as suggested from the density functional theory (DFT) study done on ArsC (34) .
In , and moreover, a Trx saturation effect was observed with the activated Srx form which gave the lower rate constant (56) .
A second approach to assigning the targeted Cys is analysis by mass spectrometry of the disulfi de complex formed between the target ox and C35S Trx, in which the target ox is chemically stabilized by alkylation using a thiolate reagent, such as iodoacetamide of the remaining Cys, which are not engaged in the transient interdisulfi de complex. Such a method assumes that the transient disulfi de intermediate accumulates and can be trapped by the alkylating agent. This approach can be successful, but it depends, in particular, on the kinetic ratio between the rate of alkylation of the recycling Cys of the target vs. the rate of reversed intramolecular attack of the recycling Cys on the catalytic Cys of the target involved in an interdisulfi de bond with Trx. The result also depends on the rate of alkylation of Trx Cys32, as the alkylating reagent is used in large excess relative to Trx and the target protein and thus can signifi cantly decrease the concentration of Trx containing free Cys32. For instance, in our hands, while the method works well with MsrA from N. meningitidis , leading to formation of a substantial amount of covalent complex in which the recycling Cys of the MsrA is alkylated, it is not effective with both subclasses of MsrBs, which include either Cys31 or Cys63 as the recycling Cys (Gand et al. unpublished results).
Concluding remarks
When all of the structural information from the three-dimensional structures of Trx or Trx-like complexes including those with BASI, PAPS, ArsC, and MsrA described in this review are taken into account, it is clear that no common target recognition motif for Trx can be identifi ed. The stabilizing interactions between Trx and its partners, which mainly include hydrophobic contacts and inter-main-chain hydrogen bonds, are ' à minima ' and likely refl ect the short lifetime of the transient intermediate. Most of the Trx or Trx-like proteins only undergo subtle conformational changes upon formation of the interdisulfi de bond with the partner, if any. For the partners, no general rule can be deduced in terms of conformational change. For MsrA, a signifi cant conformational change is observed, whereas no conformational change occurs for BASI. All the three-dimensional structures of the complexes described to date are structures of artifi cial complexes formed between the catalytic Cys of Trx and one of the two Cys of the target ox . Third, the kinetic method used to assign which of the two Cys of the target protein forms the interdisulfi de intermediate with Cys32 of Trx does not always give a straightforward answer.
In that context, predicting with confi dence putative oxidized substrates of Trx remains a challenge, using only soft docking and molecular methods. Instead, several biochemical methods (3, and ref cited inside) including proteomic approaches (57, 58) , remain the most reliable tools, to date, to identify novel protein substrates of Trx.
